Eukaryotic chromatin is organized as radial DNA loops with periodical attachments to an underlying nucleoskeleton known as nuclear matrix. This higher order chromatin organization is revealed upon high salt extraction of cells. To understand the sequential change in the functional organization of chromatin during spermatogenesis, we have analysed the higher order organization of chromatin in different testicular cell types and the epididymal sperm of laboratory mouse. The expansion and contraction of the nucleoid DNA following 2 M NaCl extraction was measured in a fluorescence microscope using ethidium bromide (2.5-200 µg/mL) as an intercalating dye to induce DNA positive supercoils. While the halo size varied among cell types (pachytene DNA most extended, round spermatid least), 5 µg/mL ethidium bromide (EtBr) removed maximum negative supercoils in all the cell types. At higher EtBr concentrations, maximum positive supercoiling occured in pachytene DNA loops. Consistent with this, the pachytene looped domains were maximally sensitive to DNase I, while the elongated spermatids and sperms were highly resistant. Our data suggest that pachytene DNA is in the most open chromatin conformation of all testicular cell types, while round spermatids show the most compact conformation in terms of EtBr intercalation.
Introduction
The 'ordered arrangement' of chromatin in the interphase nucleus is maintained by its attachment to the nuclear membrane (Comings, 1968; Comings and Okada, 1970) . The 30 nm nucleofilament is further compacted into supercoiled looped DNA domains of 50-100 kb length through attachment to the nuclear matrix (Hancock, 1982; Pienta and Coffey, 1984; VanderWaal et al., 2002 , Sheval et al., 2002 . The supercoiled loops can be relaxed and visualized as DNA 'halo' around nuclear matrix in high salt buffer in the presence of low ethidium bromide (EtBr) concentrations (Benyajati and Worcel, 1976; Vogelstein et al., 1980) . During mammalian spermatogenesis, cells display differential expression of many histone variants in different stages (Trostle-Weige et al., 1982) . Starting from the occurrence of the testis-specific and testis-enriched histones in spermatogenic cells, there is nearly complete replacement of histones by protamines and other basic proteins during spermiogenesis. It is likely that in response to these variations organizational modifications of chromatin take place in meiotic and post-meiotic cells. The most significant modification is observed during sperm maturation, during which the nucleosomal organization is dismantled in favour of a highly condensed, inert DNA-protein complex, stabilized by disulphide linkages (-S-S-crosslinks) (Ammer and Henschen, 1987) .
Topological accommodation of DNA during such extreme chromatin modifications during spermatogenesis has been addressed in various ways. Similar to the somatic nuclei (Cook et al., 1976; Robinson et al., 1983; Pienta and Coffey, 1984; Nelson et al., 1986 , VanderWaal et al., 2002 , sperm DNA also occurs in a specific manner in relation to the sperm nuclear matrix (Balhorn, 1982; Risley et al., 1986; Ward et al., 1989; Ward and Coffey, 1990; Ward and Coffey, 1991) , but its organization varies depending upon the proteins bound to it. While sperm nuclei of the histone-containing Rana catasbeiana contain negatively supercoiled DNA, the protamine-containing sperm DNA of Xenopus laevis and Bufo fowleri is not supercoiled (Risley et al., 1986) . Likewise, in the human sperm nuclei, nearly 85% of the chromatin is organized as 'nucleoprotamine' and about 15% as 'nucleohistone' (Tanphaichitr et al., 1978; Gatewood et al., 1987) . The DNA is slightly nega-tively supercoiled in about 15% of the supercoils of DNA per turn in the solenoid rather than nucleosomal configuration (Ward, 1993) . Earlier studies on the chromatin organization in testis are mostly confined to sperm cells. The present study was undertaken with the objective of understanding the sequential changes from transcriptionally active spermatogonials and pachytenes to the transcriptionally inactive sperm cells during the course of terminal differentiation through spermatogenesis.
Materials and Methods
The white laboratory mice (Mus musculus, Parkes strain) bred and reared in our laboratory were used for the study.
Methods

Isolation of nuclei and nucleoid preparation
Isolation of nuclei and the preparation of nucleoids were carried out according to Buongiorno-Nardelli et al., 1982, and Risley et al., 1986 , with slight modifications. Briefly, a cell suspension from adult mice testes was prepared by mincing the testes in cold (4°C) PBS. The cells were pelleted at 3000 rpm for 10 min in a Sorvall SS-34 rotor and resuspended in NKETS buffer (10 mM NaCl, 40 mM KCl, 2 mM EDTA pH 8.0, 0.1 mM Spermine, 0.25 mM Spermidine, 15 mM Tris.HCl pH7.4, and 1mM PMSF), then Triton X-100 was added to a final concentration of 0.5%. The suspension was vortexed gently and then mixed rapidly with 1 vol. 80% glycerol in NKETS buffer (-20°C). Nuclei were pelleted by centrifugation at 5000 rpm for 20 min at 0°C in a Sorvall SS-34 rotor, resuspended in 40% glycerol in NKETS buffer (1-5x10 6 /mL) and maintained at -20°C prior to nucleoid preparation. The nuclei were pelleted and resuspended in high salt buffer (2.0 M NaCl, 0.2 mM MgCl 2 , 10 mM Tris.HCl pH 7.5) in NKETS containing 2.5-200 µg/mL of ethidium bromide (EtBr) (1x10 6 nuclei/mL). After 10 min incubation on ice, a drop of the nuclear suspension was placed on a clean glass slide, covered with cover slip and sealed with DPX. The slides were examined in a Leitz MPV-3 fluorescence microscope under UV-illumination. To avoid EtBr quenching, the observations and measurements of the nucleoids were done immediately after mounting the slides. The cell types were identified under phase contrast. Nucleoid diameter and halo radii were measured before photography (photography of fluorescent cells requires long exposures of 1-2 min, reducing the sharpness of the boundaries) for over 50 nuclei for each treatment to every cell type, using an ocular micrometer.
DNase I treatment of the nucleoid DNA DNase I treatment of nucleiod DNA was done by adding 5 U/mL of DNase I (Sigma) to the nucleoid preparations and incubating for either 5 min (brief) or 30 min (prolonged) at 37°C. The reaction was terminated by chilling on ice and adding 10 mM EDTA to final concentration. Fluorescence microscopy and nucleoid measurements were done as described before.
Results
Study of DNA topology in the nucleoids is one of the most effective tools to gain information on chromatin organization in a cell. At certain concentration of EtBr, the DNA loses all its negative supercoils and is relaxed and extended (equivalence point), giving an appearance of a 'halo' (Figure 1 e, f, h, i). Higher concentrations of EtBr introduce positive supercoils, resulting in recontraction of the DNA loops (Tables 1, 2 ).
Effects of ethidium bromide (EtBr) concentrations on nucleoid DNA of testicular cell types
Nucleoids were prepared in high salt (2.0 M NaCl) buffer containing different EtBr concentrations (2.5-200 µg/mL). The general shape of the nucleus from all the cell types was retained, regardless of the superhelical configuration of the DNA (Figure 1) .
All the testicular cell types, viz., spermatogonials, pachytenes, round spermatids, elongated spermatids and testicular sperm, showed a biphasic change (condensedrelaxed-condensed) in their nucleoid as well as halo size in an EtBr concentration-dependent manner (2.5-200 µg/mL) ( Tables 1, 2 ). Maximum halo size was obtained at a concentration of 5.0 µg/mL EtBr, above which halo size reduction took place. However, complete halo size reduction was not achieved even at 200 µg/mL EtBr concentration. Unlike the testicular cells, the epididymal sperm nucleiods were relaxed and expanded only at 2.5 µg/mL EtBr, and gradually condensed at increased EtBr concentrations (Tables 1, 2) . At 5 µg/mL of EtBr, the nucleoid diameter increased to variable degrees in different cell types (Figure 1 ), viz., spermatogonial (153.2% of the isolated nuclei), pachytene (170.3%), round spermatids (61.3%), and elongated spermatids and testicular sperm (194.7%). In case of epididymal sperm, maximum increase in the nucleoid diameter (213%) occurred at 2.5 µg/mL EtBr. Of all the cell types, the pachytene nucleoid had the maximum length of loop domains (an average of 7.8 µm loop, i.e., 15.6 µm of DNA domain). Although a halo was not detected in the nucleoids of round spermatids following 2.0 M NaCl extraction, a biphasic change in the diameter of nucleoids was observed as a function of EtBr concentrations (Table 1) . When the round spermatids were subjected to a higher concentration of NaCl (2.4 M) for the nucleoid preparation, it resulted in much enlarged nucleoids (12.0 µm), with an average halo of 3.3 µm, an increase of 287.1% in nucleoid diameter as compared to isolated nuclei (Tables 1, 2; Figure  1i ).
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DNase I sensitivity of loop domains in nucleoids of different spermatogenic cell types
Since the chromatin sensitivity to DNase I depends upon its functional organization, we have investigated the sensitivity of DNA loops to brief (5 units/mL for 5 min) and prolonged (5 units/mL for 30 min) DNase I treatments at different stages of spermatogenesis. The loop domains of different cell types showed differential response to DNase I treatment. The maximum effect of DNase I was seen on pachytene nucleoids. The elongated spermatids and sperm nucleoids were minimally affected within 5 min (Table 3) . While there was 18.8% loss in nucleoid diameter and 32.1% loss in halo radius of pachytenes, the elongated spermatid and sperm nucleoids remained stable, with apparently no loss of DNA (Table 3) . After prolonged DNase I treatment (5 U/mL for 30 min), the loss in nucleoid diameter and halo radius was comparable among all the cell types (Table 3) .
Discussion
Our findings reveal continuous changes in chromatin organization during spermatogenesis. The differences in nucleoid and halo sizes provide a measure of differential DNA topology in different cell types (Cook et al., 1976; Vogelstein et al., 1980; Risley et al., 1986) . The biphasic change in the nucleoid diameters of testicular cell types as a function of increasing concentrations of EtBr establishes Chromatin organization during spermatogenesis 35 that, like in most other cell types studied, the DNA in the mouse testis cell types Pienta and Coffey, 1984; Risley et al., 1986 ) is organized into negatively supercoiled topological domains. However, the lack of similar biphasic modulation in the mature sperm derived from epididymis supports the loss of nucleosomal organization in mature sperm. A smaller spermatogonial DNA loop (at 5 µg/mL EtBr) than that of pachytenes indicates 36 Narayan and Raman Cell type Without DNase I (EtBr = 5 µg/mL) 5 U/mL DNase I, 5 min (EtBr = 5 µg/mL) 5 U/mL DNase I, 30 min (EtBr = 5 µg/mL) *Nucleoids/Halo were measured at the region where the width was maximum. S.D. = Standard Deviation. more attachment sites at the matrix than the pachytene DNA. Since both DNA replication (Pardoll et al., 1980; Vogelstein et al., 1980; Buongiorno-Nardelli et al., 1982; Pienta and Coffey, 1984; Nelson et al., 1986; Haaf and Schmid, 1991) and transcription (Robinson et al., 1983; Hentzen et al., 1984; Mirkovitch et al., 1984; Small et al., 1985; Gasser and Laemmli, 1987; Steif et al., 1989) in the nuclei occur on the nuclear matrix, smaller than the pachytene loop domains in the gonials may be indicative of the active replication and transcription that goes on in the latter. Earlier experiments with DNase I sensitivity of the meiotic chromosomes (Rao et al., 1983; Chandley and McBeath, 1987; Raman et al., 1988) and those reported here suggest that among testicular cells the pachytene chromatin in its native form is the most accessible to the nucleolytic enzymes, and thus accessible to the requirement of recombination. We contend that the larger loop domain of pachytene nucleoids also facilitates its "openness" for accessibility to the recombinational machinery, which would need larger lengths of 'matrix-free' chromatin.
One of the striking observations is the absence of a detectable halo in the round spermatids at all the EtBr concentrations following 2.0 M NaCl and its appearance following 2.4 M NaCl extractions. The lack of halo indicates a chromatin organization in round spermatids that is remarkably different from other testicular cell types, even elongating spermatids. It was difficult to unequivocally distinguish between the elongating/elongated spermatids and testicular sperm in the EtBr-stained nucleoids. Therefore, these cell types were scored together. The occurrence of typical biphasic change in the nucleoid and the dimensions of halo after 2.0 M NaCl extraction imply that topologically negative supercoiling of DNA persists, even at higher degrees of spermatid differentiation. A curious aspect of this finding is that, though elongating spermatid (and testicular sperm) is a later and expectedly more condensed state of chromatin than round spermatid, it is the latter which is more resistant to the salt extraction. It seems unlikely that the apparent lack of loop domains is due to the large number of attachment points on the nuclear matrix. The spermatogenic calendar of the mouse shows that, while transition proteins (TPs) are transcribed in the round spermatids, the protamines (P1, P2) appear only in the elongating spermatids (Hecht, 1990) . It is possible that, in the process of transition, the removal of histones by the protamines may relieve the constraints in the DNA, as it progresses from round spermatid to the elongating type. The retention of (-)ve supercoiled state and nucleosome structure in the elongating spermatid and testicular sperm suggests that the residual presence of histones is enough to generate the nucleosomal organization.
Since one of the possible reasons of DNase I sensitivity is the local displacement of histones, forming a nucleosome-free region of chromatin, it is appropriate to assay the sensitivity of histone-depleted and EtBr-relaxed chromatin. In the present investigation, nucleoids were exposed for 5 and 30 min to 5 units of DNase I. The results were more pronounced after the brief treatment. That the digestion does not lead to complete collapse of the halo even after the prolonged treatment suggests that, even in the histone-depleted condition, DNase I does not cleave randomly on the loop: the region close to the matrix may be less sensitive than the one distant from it in a gradient. The results in the elongated spermatids and sperm are to some extent surprising, because, in spite of the removal of the basic proteins and dismantling of the nucleosome structure in the sperm, chromatin of these cell types was almost inaccessible to the enzyme, although the prolonged exposure did digest the nucleoid to some extent. These results thus bring into consideration the role of other groups of non-histone structural DNA-binding proteins (consistent with Sheval et al., 2002) , for instance high mobility group (HMG) proteins, in the organization of chromatin. It is evident that HMGs and other DNA-binding proteins have a role in the functional organization of chromatin, but it would need more information on their distribution and levels during different stages of chromatin for a meaningful comparison to be made.
